female)] had undergone no antibiotic treatment in at least the past 3 months and had no vaccination history. We investigated the serotype distribution, antibiotic susceptibility, prevalence of the PspA family and its active domain's fusion, expression and antigenicity. Results: Our finding shows that serotype 19F is the most prevalent (23.6%) followed by 18B (15.78%) (non-vaccine type) in all isolated pneumococcal strains. All strains were susceptible to chloramphenicol and linezolid, while 80% were resistant to gentamycin. Genotyping revealed that * 80% (N = 31/38) of pneumococcal strains produce PspA belonging to family 2 and clade 3. We further selected three active domains of PspA (family 2 and clade 3) by in silico analysis, merged together into a fusion gene for expression study, and its antigenicity was analyzed by Western blotting. Conclusion: Serotypes 19F and 18B (non-vaccine type) are the most prevalent in the Pakistani pneumococcal isolates. The PspA family 2 proteins produced by Pakistani pneumococcal isolates have high sequence homologies with each other and differ from those produced by strains isolated in the rest of the world. The PspA fusion peptide had a proven antigenic response in western blotting, with no considerable correlation among pneumococcal serotypes, antibiotic susceptibility and PspA family/clade distribution.
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INTRODUCTION
Streptococcus pneumoniae (pneumococcus) causes pneumonia, otitis media and other invasive diseases such as bacteremia and meningitis, collectively called pneumococcal diseases (PD). Pneumococcus plays a major role in the morbidity and mortality of children as well as the elderly worldwide [1] . It is estimated that * 14.5 million cases of PD occur each year, causing the deaths of * 1 million children \ 5 years of age [2] . The increasing antibiotic resistance of S. pneumoniae worldwide is another concern for the treatment of PD [3] . There are more than 90 known pneumococcal serotypes, but most PDs are produced by a few types [4] . Vaccines against these serotypes, which generate immunity against the capsular polysaccharide, have reduced the burden of pneumococcal diseases in some countries [5] . Pneumococcal polysaccharide vaccines (PSVs) protect against numerous serotypes. However, PSV does not generate isotype switching and memory B cell induction, as it is a T-cell-independent immunogen, thus leading to temporary protection, and it is only recommended for the elderly population [6] . To solve this problem, pneumococcal conjugate vaccines (PCVs) were developed, including a carrier-peptide, diphtheria toxoid (CRM-197), which mediates the T-cell response. PCVs initiate memory B cell production, resulting in robust immunity in infants [7] . PCVs cause an active immune response and protect against the most prevalent serotypes, but new approaches are needed because of the phenomenon of serotype replacement post-vaccination, cost and production complications [8, 9] . Therefore, the development of more effective vaccines against pneumococcus with low production costs but having a broader spectrum is warranted. The key is to develop a vaccine that protects against all known pneumococcal serotypes and new strains as they emerge. Some research groups have recently demonstrated that peptide-based vaccines might be useful against PD [9, 10] . Pneumococcal peptide-based vaccines utilize the most immunogenic pneumococcal protein antigens, such as pneumococcal surface protein A (PspA), pneumococcal surface protein C (PspC), pneumolysin (Ply) and pneumococcal surface adhesin A (PsaA), and many others have shown immunogenicity and protection against lethal challenge with pneumococcus in animal models [8] .
The pneumococcal surface protein A (PspA) is a surface-exposed protein and one of the candidates for inclusion in the next generation of pneumococcal vaccines as the protein locates on the surface of all pneumococci and is immunogenic. For example, PspA interferes with the fixation of complement C3b and also binds human lactoferrin, which interferes with its protective role [11, 12] . All studied pneumococcal strains carry the gene pspA, which encodes for the protein PspA [13] . When the mature PspA protein was injected in an animal model, anti-PspA antibodies were detected [14] . Molecular studies of the PspA protein have been classically carried out using serotype 2, strain Rx1. The protein (PspA) has five domains, including (1) an N-terminus signal peptide, (2) alpha-helical domain, (3) proline-rich region, (4) choline-binding domain consisting of 20 amino acid repeats and (5) C-terminus tail. PspA utilizes its choline-binding domain to anchor onto the pneumococcal cell surface via lipoteichoic acids and its alpha-helical domain to bind to the surface of host cells via a still unknown receptor. Based on the sequence (clade-defining region) of the alpha-helical region, PspA can be classified into three families, from 1 to 3, and further subdivided into six clades (clades 1-6) [15] .
Pakistan, a country located in South Asia, has the third most pneumococcal diseases in the world, especially 'pneumococcal pneumonia,' which makes it an ideal location to begin exploring pneumococcal serotypes and antibiotic susceptibility [16] . In this pilot study, we sought to characterize the prevalence of PspA from Pakistani pneumococcal isolates and identify the most prevalent family and clade.
METHODS

Compliance with Ethics Guidelines
The current study (both the study and collection of specimens) was approved by the Advanced Studies and Research Board of the University of the Punjab, Lahore, Pakistan (D/ 4439-ACAD), and sample collection from patients was approved by the Institutional Review Board (IRB)/Ethics Committee of the Children's Hospital and the Institute of Child Health, Lahore, Pakistan (CH.AD251). Specimens were collected (according to recommended and approved procedures) from those patients or children whose parents or guardians agreed to participate in this study; it was specified that biologic material would only be utilized for research purposes. It was further clarified that all procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study.
Streptococcus Pneumoniae Isolation and Identification of Serotypes
In this study, we examined suspected pneumococcal disease (pneumonia and meningitis) patient's blood or cerebrospinal fluid (CSF) [17] , and N = 38 specimens were confirmed positive for pneumococci. All the individuals (aged 1 month to 12 years, male/female, from 2014 to 2015) were newly admitted to the hospital and had undergone no antibiotic treatment in at least the last 3 months and had no vaccination history. There were no specific inclusion or exclusion criteria.
Streptococcus pneumoniae isolates were identified with standard methods including sensitivity to optochin, bile salt solubility, catalase negativity, alpha-hemolysis and the agglutination method using the BBL TM Pneumoslide TM Test (catalog no. 240840) [18, 19] . The isolates were further confirmed as S. pneumoniae using a PCR procedure that targeted the lytA gene [20] . Pneumococcal strain serotyping was done by the quellung reaction using the SSI Ò Pneumotest kit (Statens Serum Institut, Denmark) [21] .
Antibiotic Susceptibility Testing
Antibiotic susceptibility tests were carried out using antimicrobial disks (Oxoid TM , UK) following the EUCAST recommendations [22] . Antibiotics were selected according to common prescriptions in Pakistani hospitals and included: ampicillin (25 lg), amikacin (30 lg), amoxycillin (25 lg), co-amoxiclav (amoxicillin/clavulanic acid) (30 lg), cefotaxime (30 lg), ceftriaxone (30 lg), cefuroxime (30 lg), cephalexin (30 lg), chloramphenicol (30 lg), fusidic acid (10 lg), gentamycin (30 lg), linezolid (30 lg), teicoplanin (30 lg) and vancomycin (30 lg).
DNA Extraction and Amplification of the pspA Gene
Streptococcus pneumoniae genomic DNA was extracted from an overnight culture grown on Todd-Hewitt broth with 0.5% yeast extract (Oxoid TM , UK) incubated at 37°C with a 5% CO 2 atmosphere using a DNA extraction kit (Invitrogen TM , USA) following the manufacturer's instructions. The pspA gene was identified and amplified by PCR in a 25-ll reaction volume containing 2.5 mM MgCl 2 , 1X Taq DNA polymerase buffer, 2 mM (each) deoxynucleoside triphosphates (dNTPs), 1 lM of each primer (SKH2 and LSM12) ( Table 1) , 2.5 U of Taq DNA polymerase (Invitrogen TM , USA) and 25-30 ng/ll pneumococcal genomic DNA template. To specifically amplify the pspA gene belonging to the different families, the following pairs of primers were utilized: LSM12 and SKH63 (family 1), LSM12 and SKH52 (family 2) and SKH41 and SKH42 (family 3) (Table 1 ) [15] . The following PCR conditions were used: an initial denaturing step at 95°C for 3 min, 30 cycles of 95°C for 1 min, 62°C for 1 min and 72°C for 2 min, followed by a final extension at 72°C for 10 min. All PCR products obtained from pneumococcal strains encoding family 2 were purified and sequenced using GenScript (GenScript USA, Inc.) as well as the core facility of the Centre of Applied Molecular Biology, Lahore, Pakistan using PspA gene-specific family 2 forward and reverse primers. DNA sequences were assembled using NCBI BLAST online. The clade distributions were found by the clade-defining region (CDR) occurring in the PspA protein.
Evolutionary and Phylogenetic Analysis
The PspA protein and its DNA sequences were observed using the MEGA-6 and ClustalW2 tools for evolutionary and phylogenetic analysis with each other and with the online NCBI databank PspA depository [23, 24] . The PspA sequencing data were analyzed according to known geographical regions available on online NCBI database.
THREE-DIMENSIONAL STRUCTURE OF PSPA FAMILY 2, CLADE 3
The hypothetical 3D structure of PspA family 2, clade 3, was required to identify peptides that could have been exposed on the surface; we therefore predicted the structure using the commercially available DNAstar TM software and by protein homology modeling [25] .
In-silico Determination of Immunogenic Sites
The physicochemical properties of the amino acids are considered key to calculating antigenic sites and the occurrence frequencies in experimental segmental epitopes. These predictions were based on methods published by Kolaskar and Tongaonkar, Margalit and Spouge and Jameson and Wolf [26] [27] [28] . The experiments showed that the N 0 -and C 0 -terminus protein regions are mostly solvent accessible and unstructured, and an alpha-helical domain is the receptor-binding site; thus, we selected these regions of the PspA peptide sequence [29] . Antibody responses to such protein regions are likely to be recognized by antibodies raised against the native protein. The predicted antigenic peptides were analyzed in silico, and three prominent sequences were selected for the cloning and expression and antigenic property analysis via Western blotting.
Active Domain Fusion, Cloning, Expression and Western Blotting
In-silico determined/selected sequences were merged/fused together (189 base pairs; what we will call the fusion gene was synthesized using GenScript (GenScript, Inc., USA) and cloned in pTrcHisA expression vector (Invitrogen TM , USA) for a pilot expression study in E. coli (Fig. 6 ). Fusion gene transformants were harvested and processed for intracellular expressing proteins. Expression was checked with time course 1 mM/ mL IPTG induction from 0 to 16 h. Western blotting was carried out using a nitrocellulose membrane treated with a primary antibody [goat polyclonal Anti-PspA (bf-19; catalog no. sc17483)] using 1:500 dilution; secondary antibody, donkey anti-goat IgG-HRP (catalog no. sc2020), dilution 1:10,000. The nitrocellulose membranes were treated with the chemiluminescent western blot detection method (Thermo Scientific TM SuperSignal TM West Pico Chemiluminescent Substrate, catalog no. 34079) exposing the blot to the imaging system (radiography) for 30 s to 3 min, and the results were retrieved on X-ray film [30] .
RESULTS
Antibiotic Susceptibility of S. Pneumoniae Isolates
Susceptibility of isolated S. pneumoniae strains to 14 antibiotics commonly prescribing in Pakistani hospitals was evaluated. All isolated pneumococcal strains were susceptible to chloramphenicol and linezolid (MIC C 0.5-1 lg/ml each); they showed responses to ampicillin (60%, MIC C 0.06-1 lg/ml), amikacin (55%, MIC C 1 lg/ml), amoxycillin (90%, MIC C 0.25-1.5 lg/ml), co-amoxiclav (66%, MIC C 0.06-0.12 lg/ml), cefotaxime (65%, MIC C 0.06-0.25 lg/ml), ceftriaxone (60%, MIC C 0.06-0.5 lg/ml), cefuroxime (60%, MIC C 0.06-0.5 lg/ml), cephalexin (75%, MIC C 1-2 lg/ml), fusidic acid (82%, MIC C 0.12-1 lg/ml), teicoplanin (83%, MIC C 0.03-0.12 lg/ml) and vancomycin (83%, MIC C 0.12-1 lg/mL), while 20% of strains presented resistance to gentamycin (MIC C 4-8 lg/ml) ( Fig. 1 ).
Serotype Distribution of S. Pneumoniae Strains
The prevalence of pneumococcal serotypes obtained with the quellung reaction was as follows: strains belonging to serotype 19F, 23.60%; serotype 18B strains (non-vaccine type), 15.78%; 23F, 13.15%; 14, 10.52%; 10A, 10.52%; 3, 5.26%; 18C, 5.26%; 6B, 5.26%; 23B, (non-vaccine type), 2.63%; 6C (non-vaccine type), 2.63%; 8, 2.63%; serotype 12F, 2.63% (Fig. 2) . No other serotypes or non-typeable strains were observed in the isolated pneumococcal strains (N = 38). The prevalence of serotypes included in PCV-7, PCV-10 or PCV-13 were 57.89, 57.89 and 73.68%, respectively, while serotypes included in PPSV-23 represented 89.47% of the experimental isolates ( Fig. 2) .
Amplification of the pspA Gene and Molecular Typing of Its Different Families and Clades
As the pspA gene is encoded by all pneumococcal strains, we amplified it using PCR from genomic DNA of all strains. To further classify the pspA gene in its different families, another set of PCR reactions was performed. These reactions utilized three different sets of familyspecific primers and classified the pspA gene in family 1, 2 or 3. Our results demonstrated that most strains (N = 31) encoded a pspA gene belonging to family 2, whereas the remaining isolates (N = 7) were classified in family 1, and none were identified as family 3 (Fig. 3) . These results revealed that PspA family 2 is the most prevalent form (* 80%) of the PspA protein among Pakistani pneumococcal isolates and therefore it was our focus. The pspA genes belonging to family 2 were sequenced and distributed into their clades. All the sequences corresponding to the pspA gene family 2 were submitted to the NCBI GenBank and are available online under accession numbers KP337453, KU961865, KY010667 and KU961866 through KU961894.
Multiple Alignments and Phylogenetic Analysis
Nucleotide sequences of pspA genes and their amino acid sequences were examined with ClustalW2 and MEGA-6 software. Gene sequences obtained from Pakistani pneumococcal isolates were compared against the PspA native protein. Our analyses demonstrated that PspAs of N = 30 were the clade 3 genotype and N = 1 represented clade 4. The phylogenetic analyses showed that the PspA from a pneumococcal strain isolated in China (FJ663048.1) appears to be an ancestor of the Pakistani PspA family 2 protein (Fig. 4) . Thus, whereas the PspA proteins produced by strains worldwide appear to be similar, our studies established high PspA sequence homologies among Pakistani isolates, different from those produced in other regions of the world. . Pneumococcal strains were serotyped by quellung reaction using the SSI Ò Pneumotest kit (Statens Serum Institut, Denmark). Serotype 19F was the leading type (23.60%), followed by 18B (15.78%). In the given number of samples, the exposure in PCV-7, PCV-10 and PCV-13 was 57.89, 57.89 and 73.68%, respectively, while serotypes included in PPSV23 comprised 89.47% Fig. 4 The evolutionary history was inferred using the neighbor-joining method. The optimal tree with the sum of branch length = 15.14 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method and are in the units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA6
THREE-DIMENSIONAL STRUCTURE AND ANTIGENIC SITE DETERMINATION
Since we were interested in finding PspAderivative antigenic peptides, our next study predicted the 3D structures of PspA, utilizing the DNAstar TM software. Based on the predicted motifs, we selected a 3D structure of PspA family 2 to further identify the antigenic epitopes that were most exposed. Three different methods, the (1) Kolaskar and Tongaonkar, (2) Margalit and Spouge and (3) Jameson and Wolf, were utilized to identify these epitopes. We selected three peptides in the PspA family 2 protein based on their characteristics, i.e., location, surface exposure, antigenicity, disordered ratio and hydrophilicity (Fig. 5) . These peptides were analyzed in silico, and their properties are shown in Table 2 . The selected peptides were primarily based on the N 0 -and C 0terminus regions and an alpha-helical domain of PspA. It was proposed that the PspA native protein is likely to be recognized by antibodies raised against any of these three selected peptides.
Peptides Fusion, Expression and Western Blotting
The selected three PspA family 2 segments were fused together into a fusion gene by the headto-tail method and cloned in an expression vector pTrcHisA (Invitrogen TM , USA) (Fig. 6) .
The DNA sequencing result showed that the fusion sequence is consistent with the designed one and with a correct open reading frame. The recombinant pTrcHisA vector containing the fusion gene was successfully transformed into competent E. coli for the pilot expression study and induced by 1 mM/ml IPTG. The SDS-PAGE and western blotting of bacterium lysate (processed with B-PER reagents) showed that the fusion peptide was successfully expressed. After 3 h induction, the fusion peptide reached the maximum in the time optimization test, although it was not expressed at 0 h induction. In western blotting, anti-PspA antibodies responded against this proposed fusion peptide like they did for the whole PspA protein (Fig. 7) .
DISCUSSION
Antibiotics play a crucial role in the proper treatment of pneumococcal infections [31] . To the best of our knowledge, no studies showing the antibiotic-resistant profiles in the Lahore, Pakistan area are available. In the present study, we found that all isolated pneumococcal strains were susceptible to chloramphenicol and linezolid, while strains susceptible to gentamycin represented 20% of all cases (Fig. 1) . The overall resistance of isolated pneumococcal strains to antibiotics in the Lahore, Pakistan hospital is low compared with other studies in other geographical regions. There is no direct association between susceptibility to antibiotics and serotypes. These data provide a baseline for the pneumococcal serotypes responsible for IPD Fig. 5 DNAstar TM was used to predict the 3D structure of PspA. a THe Kolaskar and Tongaonkar, b Margalit and Spouge and c Jameson and Wolf methods were followed for peptide selection based on the exposure, antigenicity and hydrophilicity in silico. Finally, they were merged together into a fusion peptide cases and susceptibility or resistance to antibiotics in Pakistan.
Pakistan introduced PCV-7 in 2006 through the generous support of the Global Alliance for Vaccines and Immunizations (GAVI), and PCV-10 was being used in the country by 2013. However, the limited availability in hospitals and lack of awareness among the people in Pakistan, reduce its value. These are important issues for overall vaccine coverage in the country.
Our current study showed that most strains belonged to a serotype targeted by PCV13 (* 73%), PCV7 (* 57.89%) or PCV10 ). This information is important given that most pneumococcal strains were isolated from PD cases from infants younger than 12 months of age and most of them would be protected if vaccinated with PCV13. However, PPSV23 has * 89.47% exposure in the Pakistani population according to our data. These data show that targeting PPSV23 to a large proportion of PD in the region is promising. An important and dangerous issue is that the 18B (non-vaccine type), 23B (non-vaccine type) and 6C (non-vaccine type) serotypes are also circulating in the Pakistani population (Fig. 2) . The serotype distribution differs from a previous report shown by another group in the country [32] . This comparison might be related to temporal and regional differences and the potential circulation of outbreak strains. The work presented in this article is based on the most prevalent form of PD, pneumococcal pneumonia, with a few meningitis episodes. Data should therefore be interpreted keeping these important differences in mind. The PspA-based vaccine for S. pneumoniae is an area requiring continuous investigation and development. Studies have shown that PspA has the potential for development into a human PspA-based peptide vaccine [33] . Reports available from the USA, Canada, France, Spain, Sweden, Australia, Japan and China have described that PspA family 2 is the most common among pneumococci [34] [35] [36] [37] [38] . The characterization of PspA presented in this study demonstrated that most pneumococcal strains isolated in Pakistan carried pspA genes, encoding the PspA protein belonging to family 2. A more extensive study might be required to draw complete conclusions. Our group will continue this study, especially quantitatively and in the other geographical areas of the country.
Various research groups have worked on different fragments of PspA and are claiming the antibodies are inducible [39, 40] . Western blot analysis revealed that there was strong recognition of the PspA fusion peptide. These results confirm that, among the PspA fragments analyzed in the literature [39, 40] , our retrieved PspA family 2 segments would be the most suitable for the induction of broad reactivity, and this will be an even more effective strategy.
While it is essential to define which PspA family 2 fragment shows antigenicity within the same family, for this we will need to have longer fragments or include a macromolecular carrier. This could be a promising immunization strategy.
In general, our results showed that the PspA family 2 fusion peptide might be able to enhance the level of cross-reactivity in-vivo and will achieve cross-reactivity and have a broader effect. Moreover, future studies should also evaluate whether the protective ability of the antibodies correlates with the cross-reactivity data presented in this work. Our results will help future research regarding PspA-based peptide vaccines with broad specificity and coverage.
Previous studies have publicized that PspA families and clades are independent of serotypes. Pneumococci of different serotypes could be identified as the same PspA family/clade, and the same serotype could be identified in different families and/or clades [34] [35] [36] [37] [38] . Our data supported that every isolated pneumococcal strain encoded a pspA gene, its family and clade is independent of the serotype, and there is no correlation with antibiotic susceptibility (supplementary data provided). Thus, a PspA-based pneumococcal vaccine would have the potential to reduce the burden of PD in the area, possibly worldwide, with the advantage of avoiding the serotype replacement or shift observed with other pneumococcal vaccines.
LIMITATIONS OF THE CURRENT STUDY
The data presented, pneumococcal serotypes 18B, 23B and 6C (non-vaccine types), which are not included in the current approved pneumococcal vaccine, but they are circulating in some ratio. It might be possible that some other nonvaccine types are also present in the region. Pneumococcal surface protein A family 2 is most prevalent in Pakistani pneumococcal isolates. For this, a more extensive study is required to reach definite conclusions. The PspA fusion peptide certainly revealed antigenic recognition in Western blotting, but it must be analyzed in an animal model for immunogenetic study.
CONCLUSION
The present introductory study reported that serotypes 19F and 18B (non-vaccine type) are the most prevalent serotypes isolated from PD cases in Pakistan. The prevalent PspA proteins produced by Pakistani isolates belong to family 2 and clade 3. They have high sequence homologies with each other and are different from those produced by strains isolated in the rest of the world. The PspA fusion peptide showed a positive antigenic response on Western blotting (Fig. 7) , which will be further characterized in the recommended assays and an animal model (in vivo).
